The high extracellular hydrogen peroxide (H 2 O 2 ) concentrations generated during pharmacological ascorbate (P-AscH -) therapy has been shown to exhibit a high flux into susceptible cancer cells leading to a decrease in clonogenic survival. It is hypothesized that the intracellular H 2 O 2 concentration for susceptibility is independent of cell type and that the variation observed in dosing is associated with differences in the cell-specific overall steady-state intracellular H 2 O 2 concentration values. The steady-state variation in intracellular H 2 O 2 concentration is coupled to a number of cellular specific transport and reaction factors including catalase activity and membrane permeability. Here a lumped-parameter mathematical modeling approach, assuming a catalasedominant peroxide removal mechanism, is used to calculate intracellular H 2 O 2 concentration for several cell lines. Experimental measurements of critical parameters pertaining to the model are obtained. The cell lines investigated are normal pancreatic cells, H6c7, the pancreatic cancer cell line, MIA PaCa-2 and the glioblastoma cell lines, LN-229, T98G, and U-87; all which vary in susceptibility. The intracellular H 2 O 2 concentration estimates are correlated with the clonogenic surviving fraction for each cell line, in-vitro. The results showed that, despite the fact that the experimental parameters including catalase concentration and plasma membrane permeability demonstrated significant variability across cell lines, the calculated steady-state intracellular to extracellular H 2 O 2 concentration ratio did not vary significantly across cell lines. Thus, the calculated intracellular H 2 O 2 concentration is not unique in characterizing susceptibility. These results imply that, although intracellular H 2 O 2 concentration plays a key role in cellular susceptibility to P-AscH -adjuvant therapy, its overall contribution in a unifying mechanism across cell types is complex.
Introduction
Pharmacological ascorbate (P-AscH -) has demonstrated tremendous promise as an adjuvant in patients with pancreatic ductal adenocarcinoma [1] [2] [3] [4] . The current understanding of this phenomena is that PAscH -serves as a pro-drug by its ability to generate high concentrations of extracellular hydrogen peroxide (H 2 O 2 ) [4] [5] [6] [7] [8] . The extracellular H 2 O 2 permeates the plasma membrane and, potentially, elevates the intracellular H 2 O 2 concentration. Left unchecked, the high intracellular H 2 O 2 reacts with labile iron that ultimately produces the highly reactive hydroxyl radicals [9] . The hydroxyl radical, in the vicinity of the nucleus, can generate cellular oxidative damage, especially to the DNA in cells and result in cytotoxicity [1, 2, 6, [10] [11] [12] [13] [14] [15] [16] [17] . P-AscH -therapy has been found to have little effect on normal tissues. Once more, while P-AscH -therapy has been found to be successful for some pancreatic cancers, numerous in-vivo and in-vitro studies have demonstrated a range of susceptibility to P-AscH -therapy irreversibly consuming intracellular H 2 O 2 . At high H 2 O 2 concentrations, such as during pharmacological dosing associated with P-AscH -therapy, the rate of removal of peroxide is, essentially, dominated by catalase [5, 7, [25] [26] [27] [28] . Cohen and Hochstein showed that catalase became the dominant mechanism for removal of H 2 O 2 in erythrocytes for concentrations greater than 1 μM [25] . Makino et al. (2004) found that the glutathione peroxidase (GPx)/glutathione (GSH) system was overwhelmed at about 50 μM of H 2 O 2 and catalase became the dominant mechanism of peroxide removal for a number of mammalian cells [27] . Ng et al. (2007) [28] estimated that the peroxide removal rate of the GPx/GSH system was reduced by three orders-of-magnitude when H 2 O 2 concentrations were on the order of 5 μM for human glioma cells [28] . Thus, the assumption that the H 2 O 2 removal rate is dominated by catalase at pharmacological peroxide dosing is a reasonable first-approximation.
Normal tissues have a relatively high catalase activity compared to cancer cells and it is believed that the intracellular H 2 O 2 levels are below the toxicity range during P-AscH -therapy. The significance of catalase at high intracellular H 2 O 2 concentrations justifies our focus on it as responsible for the primary intracellular reaction to remove the accumulating H 2 O 2 during treatment. Catalase activity varys widely across cell lines. Catalase activity is known to exhibit lower activity in tumor cells; where catalase expression ranges on the order of 10-100 fold times more for normal cells when compared to some tumor cells [29] . Other empirical studies have shown more than a 50% decrease in steady-state catalase activity for tumor cells [5] . This variation in catalase activity across cell lines could significantly affect the removal of H 2 O 2 , making tumor cells more susceptible to ascorbate mediated cell-death, as their capability to remove H 2 O 2 is greatly hindered.
In addition to catalase activity, it has been recently shown that H 2 O 2 permeability of the plasma membrane is a significant factor in cell susceptibility to extracellular H 2 O 2 [30] . Peroxiporins (aquaporins that allow transport of H 2 O 2 across the plasma membranes), specifically AQP1, AQP3 and AQP8, are thought to be the principal pathways for the entry of H 2 O 2 across the plasma membrane and that the flux of H 2 O 2 across the plasma membrane is dominated by passive diffusion through these peroxiporins [31] [32] [33] . Many aquaporins are overexpressed in tumor cells of different origins, especially in aggressive tumors and it has recently been shown that pancreatic adenocarcinoma cells are believed to exhibit elevated AQP8 expression [33] . AQP3 has been found to increase by as much as eight-fold in cancer cells when treated with nucleoside analogs such as gemcitabine [34] .
In our previous work, AQP3 was silenced in the MIA PaCa-2 pancreatic cancer cell line (siAQP3 MIA PaCa-2) and its clonogenic response was compared to unmodified MIA PaCa-2 for exposure to extracellular H 2 O 2 concentrations equivalent to that generated during PAscH -therapy dosing [30] . The results showed over twice the clonogenic surviving fraction for the siAQP3 MIA PaCa-2 when compared to MIA PaCa-2 for the highest dose. Thus, it is hypothesized the plasma membrane permeability differences, possibly due to the variability of peroxiporin expression across cell lines, can contribute to the variability of cell susceptibility to P-AscH -therapy. Fig. 1 illustrates how the variations in catalase activity and peroxiporin expression might influence the cell susceptibility to ascorbate therapy.
Researchers have mathematically modeled the intracellular concentration of H 2 O 2 primarily because of its critical significance in the homeostasis of the cellular redox environment [27, 35, 36] . The seminal work of Antunes and Cadenas (2000) provided a diffusion model based on latency of catalase to estimate intracellular H 2 O 2 concentration [35] . Ng et al. (2007) [28] evaluated the range of H 2 O 2 likely present during the GPx/GSH process during physiological conditions, but did not address the role of catalase [28] . Lim et al. (2015) [36] ratio is plotted against previously reported ascorbate dosing results and the in-vitro surviving fraction from the clonogenic study for each cell line. These results are analyzed to determine whether intracellular H 2 O 2 is the fundamental factor in dictating the cellular response to therapeutic levels of extracellular H 2 O 2 .
Mathematical methods

Governing equations
The generalized mathematical model for the conservation of mass of species i in a given closed mathematical volume, V, with surface area, A, can be expressed as
where C i is the molar concentration of species i in the volume, t is time,
is the rate of molar accumulation of species i in the prescribed volume. is the molar rate of species i entering into the volume across the surface area, A. The negative sign accounts for the direction of the outward bound normal ⃗ n that is used to define the orientation of the surface. R i is the net molar rate of formation of species i per volume so ∫ R dV V i is the rate of the moles of species i that is generated in the volume due to its production. Because this model is the integral of the concentration in differential volumes (dv), it captures the variation in the concentration of species i in both time and space. Nevertheless, this form of the conservation of mass is advantageous as it provides the foundation for the assumptions of the idealized model used in this work. In particular, the idealized model assumes that the concentrations in all of the volumes in question are relatively independent of spatial variations and, thus, the conservation of species i is a function of only time (lumped parameter model or wellmixed assumption). Under this assumption, Eq. (1) can be integrated to the entire volume and becomes
Here we expressed the molar flux of species i in its scalar form, N , Fig. 2 illustrates the selected system used in this analysis. The corresponding concentrations of H 2 O 2 in the extracellular region, in the cytosol and in the peroxisomes are, C C , ext in , and C p , respectively. The transport mechanism of H 2 O 2 across the plasma membrane and peroxiporins is passive diffusion and, thus, the driving force is the concentration gradient at the interface area between volumes. To eliminate spatial dependency, the flux is represented by the concentration differences in each volume at the interface and a membrane permeability. Assuming a dilute solution, the Fickian model for N i can be described as
where D ij is the Fickian diffusion coefficient of species i in solvent j, ∇C i interface is the concentration gradient at the interface of the adjacent
), m k is the membrane permeability associated with the area interface for the k th volume, V k , and + V k 1 , the adjacent volume at the transport interface. The partition coefficient, φ k , is used to correct for thermodynamic equilibrium for concentrations across interfaces. Note that the membrane permeability represents the diffusivity of the species divided by a characteristic length of the system. The approximation on the righthand side of Eq. (3) uses the concentration difference across the interface which is indicative for passive diffusion and is equivalent to the numerical approximation for diffusive flux. The current model allows flux to reduce and establish equilibrium with non-zero species i concentrations. Letting species i be H 2 O 2 , Eqs. (2) and (3) can be combined to provide the idealized lumped parameter for H 2 O 2 in this study.
Assuming a dilute concentration of H 2 O 2 , Eqs. (1)- (3) is used for all compartments to obtain, Fig. 1 . Illustration of the proposed dominant mechanisms for cellular susceptibility to ascorbate therapy. Ascorbate is introduced into the extracellular region by intravenous dosing that generates extracellular H 2 O 2 . The extracellular H 2 O 2 enters the cell via its available peroxiporins at a rate consistent with the plasma membrane permeability and the effective catalase activity. In the figure to the left, it is proposed that normal cells and ascorbate-resistant cancer cells have either the ability to minimize peroxide permeability, rapidly catalyze intracellular hydrogen peroxide (via peroxisomes) and/or have limited labile iron present. The figure to the right illustrates susceptible cells which may have increased plasma membrane permeability to peroxide, reduced catalase activity and/or increased labile iron. The consequence of the chemical conditions in the susceptible cell is the generation of hydroxyl radicals near DNA that can result in damage and, ultimately, reduced clonogenic survival. This study focuses on quantifying the intracellular H 2 O 2 concentration during P-AscH -therapy and determining its relationship and sensitivity to variations in catalase activity and plasma membrane permeability, both which have been found to vary across cell lines. Fig. 2 . Illustration of the proposed modeling approach for the fate of extracellular H 2 O 2 permeating into cells. In Fig. 2A Fig. 2B is the idealized lump parameter model for the system. Here concentration is assumed to be spatially independent in all compartments (illustrated by the well-mixed impeller symbol). The flux of H 2 O 2 across chambers is denoted by the double arrows. In this modeling effort, the flux is modeled using membrane permeability with concentration difference across chambers as the driving force. 
From a practical perspective, the concentration of catalase extracted per cell, Ccat cell can be used giving
It is instructive to note that the above models satisfy the asymptotic limits for This model provides a convenient format for addressing the dependency of the steady-state intracellular H 2 O 2 concentration on various parameters as well as provides a convenient format for sensitivity analysis.
Sensitivity of intracellular H 2 O 2 concentration to catalase activity and plasma membrane permeability
Catalase activity and plasma membrane permeability have been identified as two parameters that vary across cell lines and could, subsequently, impact the intracellular H 2 O 2 concentration during ascorbate therapy. Local sensitivity analysis is used to estimate the impact of these parameters on θ ss . Using the dimensionless sensitivity parameter, s , θ j , defined as the local derivative of θ ss with respect to the j th normalized parameter [38] , we obtain the following sensitivity parameter for the plasma membrane permeability and catalase activity, 
Localized sensitivity analysis expressions for other parameters are listed in Supplemental I.
Validity of the lumped parameter model 2.4.1. Significance of spatial dependency in the cytosol
Eq. (7) provides a simple approach to estimating the intracellular H 2 O 2 concentration during high dosing of extracellular peroxide. However, this method has several limitations that must be addressed when determining the validity of the solution. To begin, the lumped parameter model assumes the H 2 O 2 concentrations are spatially independent. To check the validity of this approximation for the cytosol, we begin by looking at the potential for concentration gradients to exist by modeling this volume using a steady-state diffusion problem with a pseudo-homogeneous reaction. The pseudo-homogenous reaction model assumes that the peroxisomes are well distributed and the catalase-related reaction is carried out throughout the volume. For this approach, the cell is assumed to be spherical with a radius of r c and the nucleus with a radius of r n . Fig. 3 illustrates the geometry for this model. The dashed enclosed lines in Fig. 3 in the intracellular volume illustrates the control volume concept under consideration. In this approach, the control volume is sufficiently large to contain the peroxisomes but assumed to be small enough to apply the continuum model for the conservation of mass. Using Eq. (1) and converting the area integral to a volume integral and assuming spherical coordinates we obtain,
The peroxisomes are present in the region ≥ > r r r c n and
where ρ p is the number density of peroxisomes in the volume, and k * 2 is the effective second-order reaction rate constant for the observed reaction. The parameter k * 2 is specific to each cell line and absorbs variations in latency, and catalase activity.
Assuming steady-state, Eq. (12) becomes
In determining an appropriate set of boundary conditions, it is assumed that in the nucleus ( ≥ ≥ r r 0
Thus, at the nucleus wall, the flux of H 2 O 2 is zero. At the plasma membrane wall, the diffusive flux into the cell is equivalent to the mass flux across the membrane into the cell. Thus, the boundary conditions can be written as 
The dimensionless form of this problem can provide tremendous insight as it allows one to compare appropriate dimensionless groups across cell lines. Defining a dimensionless concentration, 
When C ext is constant, the system is assumed to reach steady-state when ≫ t t*. Assuming the diffusion coefficient for H 2 O 2 in water is 1.4×10 −9 m s −1 [39] , for a typical cell radius of 10 µm, t*= 7×10 −2
s. All studies in this work satisfy this condition so Eq. (15) reduces to
Defining ≡ λ r r / n c , the boundary conditions become
plm ij is the Biot number for the cell. The generalized solution of Eq. (16) for arbitrary λ subject to the boundary conditions (Eq. (17)) can be found in Supplemental II. When is = λ 0, the solution becomes 
This conservative solution where = λ 0 is sufficient for determining whether spatial dependency is significant in the cytosol. Assigning = η 0 to Eq. (18) and applying L'Hospital's Rule, the assumption of spatial independence is valid provided,
Pseudo steady-state assumption
The assumption that C ext is constant is valid for an infinite source approximation (relatively large volume). For studies that require a finite V ext however, this approximation is reasonable provided the time for the steady is substantially less than the process overall time constant. A conservative overall time constant can be determined by reviewing Eq. (4) and assuming ≈ C 0 in . Then the process overall time constant, t , overall can be written as
overall ext plm plm cell cell (20) Thus, the steady-state approximation provides a reasonable approximation when the final time for the study, t f , is such that
o v e r a l l .
Estimation of average external H 2 O 2 for clonogenic assay
When t f is on the order of t overall or greater, the external concentration in the sample volume can reduce with time. For a matter of dosing, the timed-average external concentration, C ext , can be used to represent the dosing concentration during the study. This value can be determined by solving for C t ( ) ext using Eqs. (4)- (6) and numerically determining
Experimental methods and approach
The primary objective is to compare the calculated dimensionless steady-state intracellular H 2 O 2 concentration, θ ss , for various extracellular H 2 O 2 dosing concentrations for each cell line to the clonogenic response. The clonogenic response is based on the surviving fraction and is calculated for each cell line for extracellular H 2 O 2 dosing. In addition, parameter values and sensitivity of θ ss are determined. As the parameters for each cell line are not available in the literature, each related parameter is experimentally measured.
Parameters required to calculate θ ss
Eqs. (7) and (8) show that θ ss is a function of not only the plasma membrane and peroxisome membrane permeabilities and catalase concentration but also the geometric properties of the cell and peroxisome number density. The sensitivity analysis associated with the membrane permeabilities and catalase concentration are also function of other variables, requiring error propagation for completeness.
Imaging and spectroscopy methods and mathematical analysis of results from H 2 O 2 uptake studies are used to determine each parameter. From Eqs. (7) and (8), the parameters that are determined are: cell and peroxisome average areas, A cell and A p , respectively, the peroxisome volume, V p , volume of the cell, V , cell number of peroxisomes, n p , the catalase concentration per cell, Ccat cell and the plasma membrane and peroxisome membrane permeabilities, m plm and m p , respectively.
The resulting values for each parameter are used to calculate θ ss for each cell line using Eq. (8) . Error for θ ss is determined by propagation of error for each measured parameter. 
Peroxisome isolation
Peroxisomes are extracted from cells using a fractionation centrifugation method. The series of centrifugations are adjusted from the protocol provided by Sigma-Aldrich (Peroxisome Isolation kit, PEROX1, Cells are seeded on glass cover slips (ThermoFisher Scientific, Lafayette, CO, USA) in complete growth medium and incubated at 37°C, 5% CO 2 for 48 h to allow 70% confluency to be reached. Adhered cells are transduced with 50 particles per cell (PPC) of CellLight Regents BacMam 2.0 (C10604, ThermoFisher Scientific, Lafayette, CO, USA) and mixed gently to allow peroxisome tagging. GFP transduced cells are incubated at 37°C, 5% CO 2 for 48 h before fixing with paraformaldehyde (4% PFA) for 15 min. PFA is removed by three 5-min 1x PBS washes. Glass coverslips containing GFP-tagged peroxisome cells are mounted on microscope slides (ThermoFisher Scientific, Lafayette, CO, USA).
Z-stack images are taken with the Leica SP5 confocal microscope (Leica, Solms, Germany) and analyzed using ImageJ (NIH). Z-stack images are taken to visualize the entire cell and peroxisomes are counted per slice for each cell line to obtain the number of peroxisomes per cell, n p . Fig. 4 illustrates an example of the Z-stack images used.
ImageJ (NIH) is used to measure the radius for each peroxisome in triplicate. Assuming spherical geometry, the radial measurements are used to determine the average peroxisome area, A , p and volume, V p .
Determining area of the cell, A cell
To determine the cell area, A , cell the cell-specific radius is obtained using an automated cell counter (Moxi Z Mini Automated Cell Counter, ORFLO Technologies, Ketchum, ID, USA). Assuming a spherical cell, A cell is calculated for each cell type.
Determining cytosol volume, V cell
The cell volume, V cell , is associated with the volume of the cell occupied by the peroxisomes. Thus V cell is determined by substracting the nucleus volume from the estimated total cell volume determined from the cell-specific radius provided by the automated cell counter (Section 3.4). The nucleus volume is obtained by first using NucBlue Live Cell Stain ReadyProbes reagent (R37605; Life Technologies, Carlsbad, CA, USA) to stain the nucleus of the cells during the imaging process outlined in Section 3.3. ImageJ (NIH) is used to calculate the elliptical area for each z-stack obtained during the confocal imaging process. The nucleus volume is calculated by multiplying each elliptical area by the z-stack thickness and summing all elliptical sections for each nucleus examined on each plane. The cell volume, V cell , is determined by subtracting the calculated nucleus volume from the estimated total cell volume.
Determination of catalase concentration, Ccat p and Ccat cell
Catalase concentration, Ccat p , is measured in each cell lysate using a spectrophotometric-based assay [41] . Cells are harvested at a density of (1.0 -5.0) x 10 6 cells in PBS (3 mL) using a cell scraper (Fisher Scientific, Pittsburgh, PA, USA). The cell count is determined using a MoxiZ Mini Automated Cell Counter to provide the number of cells used in the assay. Scraped cells are centrifuged (Marathon 8K Centrifuge) at 1000 rpm for 5 min. Cells are re-suspended in PBS (1 mL) and transferred to an Eppendorf tube (Fisher Scientific, Pittsburgh, PA, USA) and subsequently centrifuged (Marathon 8K Centrifuge) 2x at 1000 rpm for 5 min. Following the last spin, PBS (1 mL) is layered on top of the pellet and placed in the freezer (-80°C) for 24 h. Cells are then sonicated (Qsonica, Newtown, CT, USA) 4x for 10 s intervals with 30 s breaks at 100% amplitude to fully lyse the cells. It is assumed that the catalase is fully released from sonication and is well dispersed into the suspension of the lysate. The cell lysate is further diluted in 50 mM phosphate buffer (pH 7.0), placed in a quartz cuvette (Thorlabs, Newton, NJ, USA) and, 30 mM H 2 O 2 (Sigma-Aldrich, St. Louis, MO, USA) is added. The H 2 O 2 consumption is followed by the decay in absorbance (@240 nm) Fig. 4 . An example image of normal pancreatic (H6c7) cells taken from a series of z-stack images using the Leica SP5 confocal microscope to identify peroxisomes per cell. The image displays the nucleus (blue) and peroxisomes (green). Peroxisomes were counted in each z-stack slice to obtain the number of peroxisomes per cell.
over time. Absorbance is measured every 10 s for a total of 25 min. 
Determining peroxisome membrane permeability, m p
The rate of H 2 O 2 uptake for intact peroxisomes extracted from all cells are measured in a similar fluorescent-based manner as described previously by [43] . The adjusted protocol measures the change in extracellular H 2 O 2 over time, which decays exponentially representing a pseudo-first order behavior of the intracellular catalase reaction. The technique is a highly sensitive fluorescent method capable of detecting low concentrations of H 2 O 2 , below 0.5 µM. Isolated peroxisomes (specific to each case) are diluted in 50 mM phosphate buffer (pH 7.0) and placed into a reaction chamber (6 mL). The reaction chamber (roughly − x ( 7 12) 10 8 peroxisomes The transient data for C ext is used to determine the value of the peroxisome membrane permeability m ( ) p by regression using the model,
where V ext is now the total volume of extracellular media. Following an appropriate initial guess, a Levenberg-Marquardt method [42] is used to regress for m p and solved using Matlab (MathWorks, Inc. Natick, MA, USA) (Supplemental III). Statistical significance between m p is determined through ANOVA (single factor) and the presented errors are the standard deviations. P-values less than 0.05 are accepted as indicating a statistical significant difference. Data are analyzed and plotted using Excel-2007 (Microsoft, Redmond, WA).
Determining plasma membrane permeability, m plm
The rate of H 2 O 2 uptake for each cell line is measured in the same manner as described by [43] and used in Section 3.7. This assay provides an extracellular H 2 O 2 removal rate, on a per cell basis. Briefly, x 1.5 10 4 cells are seeded in 96-well culture (Corning, Union City, CA, USA) treated dishes and incubated 48 h prior to the assay at 37°C, 5% CO 2 ; 90% confluency is reached. An extracellular bolus of 20 μM H 2 O 2 (Sigma-Aldrich, St. Louis, MO, USA) is introduced in 5 min intervals to defined wells containing cells. The quenching solution described in Section 3.7 is used to terminate the assay. The fluorescent signal is detected using the same method described in Section 3.7. Wells containing cells were trypsinized and the number of cells were determined using a Moxi Z Mini Automated Cell Counter.
The transient data for C ext is used to determine the value of the plasma membrane permeability, m plm , by regression using the complete model (Eqs. (4)- (6)),where all parameters except m plm are known. The Levenberg-Marquardt method discussed in Section 3.7 is used for regression (Supplemental IV). Statistical analysis of m plm is determined through ANOVA (single factor) and the errors are presented as the standard deviations. Cells are counted at the end of the experiment. Pvalues less than 0.05 are accepted as indicating a statistical significant difference. Data are analyzed and plotted using Excel-2007 (Microsoft, Redmond, WA), and SigmaPlot (Systat Software Inc., San Jose, CA, USA) software.
Clonogenic assessment
Glioblastoma cells (2.5 × 10 4 ) are seeded in 6-well culture (Corning, Union City, CA, USA) treated dishes and exposed to appropriate H 2 O 2 doses 48 h later. The external volume, V ext , for the clonogenic plates is x 2.5 10 3 µL·H 2 O 2 exposures of (0-90 μM) are diluted in the appropriate culture media and cells are exposed for 1 h at 37°C. This dosing range is constituent with the extracellular H 2 O 2 related to extracellular ascorbate dosing [44] . After exposure, the diluted media is removed, cells are trypsinized and counted with the Moxi Z Mini Automated Cell Counter and re-plated at 100 cells mL −1 in triplicates with appropriate media in 6-well culture treated dishes. Plates are incubated for two weeks at 37°C, 5% CO 2 and colonies form between 10 and 14 d at 37°C. Following a two-week incubation period, the colonies are fixed with 70% ethanol and stained with Coomasie Brilliant Blue R-250 (1610436, BioRad, Hercules, CA). Colonies with more than 50 cells are counted using a Counter-Pen (3133, Traceable Products, Webster, TX). The plating efficiency (PE) and surviving fraction (SF) are determined; PE = (colonies counted/cells plated) x 100 and SF = (PE of treated sample/PE of control) x 100 [45, 46] . The average external H 2 O 2 concentration C ( ) ext for each study was determined by directly using the Eqs. (4)-(6), the external volume during the clonogenic assay, and the cell-specific parameters (Table 1) to first determine C t ( ) ext during dosing. C ext for each experimental case and cell type was determined using Eq. (21). Statistical significance between each H 2 O 2 exposure dose and cell types or cell modification is determined through ANOVA (Single Factor). P-values less than 0.05 are accepted as indicating a statistical significant difference. Data are analyzed and plotted using Excel-2007 (Microsoft, Redmond, WA). Error bars represent the standard error (SE). Clonogenic results for pancreatic cells were determined previously [30] and average concentrations for dosing are adjusted as described here. Table 1 1 . The combined variability of the above parameters, as well as others could significantly alter θ ss .
Results and discussion
Parameters for determining θ ss
θ ss and its validation of lumped parameter assumption
As mentioned above in Section 2.4, the θ ss approximation is ap-
(Eq. (19)). Using this approach, all cell lines show reasonable spatial independence. Table 2 summarizes the results for the cell lines used in this study. Graphical results for these cases are illustrated in Supplemental V.
We calculated θ ss for each cell line using Eq. (7) and the specific properties listed in Table 1 for each cell line investigated. Error in θ ss is determined by propagating error from the related parameters. Table 2 provides the calculated θ ss for each cell line.
Sensitivity of internal H 2 O 2 to each parameter (membrane permeability and catalase activity)
The normalized local sensitivity analysis for each cell line is presented in Table 3 for various initial conditions for the three parameters m plm , C catp , and m p . Supplemental VI provides a more complete listing for these and other variables.
It can be seen that, for the initial conditions used, θ ss is typically more sensitive to relative changes in the plasma membrane and peroxisome permeabilities than changes in catalase concentrations. This may imply that the plasma membrane permeability could potentially be a target if intracellular H 2 O 2 concentration is found to be effective for specific cell types.
Plasma membrane peroxiporins are potential drug targets for improving ascorbate therapy
Recently, we qualitatively showed that the expression of the peroxiporins, AQP3, was a significant factor in the susceptibility of the pancreatic cancer cell line, MIA PaCa-2 when exposed to extracellular H 2 O 2 , in-vitro [30] . This work was done by silencing AQP3 which reduced its expression by 90%. This corresponded to a 2.5 increase in cell survivability in the clonogenic assay. In the current study, we show that the corresponding membrane permeability of the MIA PaCa-2 cells reduced from ± − − x ms (7.14 2.72) 10 6 1 to ± − − x ms (2.23 1.72) 10 6 1 when AQP3 was reduced by 90%. Thus, the peroxiporin AQP3 accounts for nearly 80% of the permeability of H 2 O 2 in MIA PaCa-2. From our mathematical analysis, the silencing of AQP3 for MIA PaCa-2 corresponds to a change in θ ss from 0.73 ± 0.17 to 0.45 ± 0.28 which is not statistically significant (p = 0.21). However, the significant change in cell survivability results from our previous study suggests that this difference may be significant with reduced error in the estimated parameters.
These results imply that, when ascorbate therapy is sensitive to the intracellular H 2 O 2 concentration, the plasma membrane permeability, via peroxiporins, may be a viable drug target for additional enhancement of ascorbate therapy. The sensitivity analysis of how much the intracellular H 2 O 2 concentration may change with plasma membrane permeability can provide insight to the potential success in targeting peroxiporins (Fig. 5) .
As mentioned in the Introduction (Section 1.), the nucleoside analog gemcitabine can increase AQP3 by a factor of eight in some cancer cells [34] . For the susceptible cancer cell line MIA PaCa-2, this would increase the value for θ ss during dosing by a factor of 1.3. This could be very significant when near maximum dosing.
No relationship between intracellular H 2 O 2 concentration and ascorbate susceptibility
One can immediately see from Table 2 that there is little variation within the error in θ ss across the cell types investigated in this study. If intracellular H 2 O 2 concentration provides a unique relationship to susceptibility, then a correlation should exist between the calculated θ ss for each cell type and their susceptibility to ascorbate dosing [5] . However, as shown in Fig. 6 , there is no significant difference between the calculated θ ss and the reported EC 50 ascorbate susceptibility for each cell line [1, 5, 6] . Thus, there is no unique relationship between θ ss and ascorbate susceptibility for ascorbate dosing. As error in θ ss is due to the propagation of error in the associated parameters, improved methods for determining said parameters may result in a significant difference in values. However, these corrections are not likely to significantly improve the relative range in θ ss across the susceptibility scale for cell types. This is most pronounced when comparing θ ss for the normal pancreatic cell line, H6c7, which is unaffected by ascorbate dosing, with θ ss for the highly susceptible pancreatic cancer cell line, MIA PaCa-2 (p = 0.36). Since MIA PaCa-2 is responsive at ascorbate dosing values that are over an order-of-magnitude less than the dosing used for the non-responsive H6c7, other factors are likely responsible for the cellular response for these two cell lines.
Clonogenic response vs. initial extracellular H 2 O 2 concentration for glioblastoma cell lines
The clonogenic assay of MIA PaCa-2 for dosing with extracellular [30] . Fig. 7 shows the clonogenic response to extracellular H 2 O 2 dosing as normalized surviving fraction for the three glioblastoma cell lines studied, LN-229, T98G, and U-87. Recall that LN-229 was found to be sensitive to ascorbate dosing while T98G was found to be only moderately sensitive and U-87 was found to be insensitive [5] . Fig. 8 shows these results for each of the cell lines investigated in this work. The error in C in is the standard deviation representing the range in intracellular H 2 O 2 concentration based from the calculated θ ss for each dose exposure. The error in the clonogenic response (surviving fraction) represent the standard error (SE). The data used in Fig. 8 can be found in Supplement VII.
It is immediately apparent from Fig. 8 [9] . Previous research found that an increased labile iron pool (LIP) in some cells resulted in an increase in the potential for oxidative stress [48, 49] . Lipiński et al. (2000) [48] found a factor of three increase in iron in the LIP for H 2 O 2 -sensitive lymphoma cells than that found in H 2 O 2 -resistant lymphoma cells. However, Moser et al. (2014) [50] investigated the LIP in pancreatic normal and tumor tissue (MIA PaCa-2) and found higher levels of labile iron in the normal tissue. Thus, we hypothesized that the steady-state intracellular H 2 O 2 concentration was the mitigating factor in determining susceptibility and that variations in the cell's transport and reaction parameters altered the available intracellular H 2 O 2 for different cell types at similar dosing concentrations.
Results from this work clearly showed that the calculated intracellular H 2 O 2 , based on this catalase-dominant lumped parameter model, is not unique with respect to cellular susceptibility for either extracellular exposure to ascorbate or H 2 O 2 dosing. Nevertheless, Doskey et al. (2016) [51] show that the ED 50 factor in susceptibility, albeit the unifying mechanism that accounts for cell type dependency, is more complex than that which can be described by a linear correlation. Many factors that vary with cell type and are not considered in this analysis might impact the unifying mechanism for cellular response to P-AscH -therapy. Examples include variations in localized chelators, impact on mitrochondrial redox processes, energy crisis and DNA protection [17, 52] . Further, it is unclear in cancer mutations whether the non-catalase H 2 O 2 enzymatic reactions such as glutathione peroxidases and peroxiredoxins remain negligible at pharmacological concentrations of H 2 O 2 . In addition, the relatively rapid flux of the hydroxyl radicals suggests that local spatial factors that vary with cell type, may also be significant. Two important facts emerge from this research that can help in defining a unifying mechanism for cell susceptibility to ascorbate. First, relatively little variation in the dimensionless intracellular H 2 O 2 concentration, when determined by a catalase-dominant lumped parameter model, is observed for susceptible and non-susceptible cells despite an order-of-magnitude difference in ascorbate dosing. Second, when cells are susceptible, their sensitivity to dosing is significant within a relatively narrow range. Thus, a unifying mechanism must account for these observations.
Conclusion
This work developed a mathematical model to determine the intracellular H 2 O 2 concentration during extracellular H 2 O 2 dosing equivalent to that expected during P-AscH -therapy. The model assumed that at high pharmacological concentrations of H 2 O 2 , catalase was the dominant mechanism for the removal of peroxide and other reactive enzymatic processes were not considered. Critical parameters such as membrane permeability were determined. The results demonstrate that there is not a unique intracellular H 2 O 2 concentration that corresponds to a dosing response. These results suggest a more complex mechanism, which may include levels of catalytic metals (e.g. labile iron), other enzymatic reactions and spatial dependency, is necessary to captures cell type-dependency for susceptibility.
